Introduction
Percent depth dose (PDD) of high-energy photon beams decreases as a function of depth after the beams pass through the depth corresponding to the maximum dose. 1) However, there is an initial dose build-up before the depth of maximum dose.
The dose build-up effect of high energy photon beams produces the skin-sparing effect. When treating superficial tissues using high-energy photon beams, the most common method for controlling the dose distribution in the build-up region involves using a bolus. [2] [3] [4] [5] [6] However, with this method, achieving a uniform dose distribution is challenging because it is very difficult to attach the bolus tightly to the skin on curved parts of the patient's body, such as the neck, nose, and anus. 7) In addition, small air gaps can be generated owing to insufficient malle-ability of bolus material in these body parts. The effect of these air gaps causes electronic disequilibrium to be re-established in this region and this could cause the dose directly to the patient's skin to decrease as the x-ray beam could produce secondary build-up. 8) To overcome these challenges, we designed a new instrument, which we termed the build-up modifier (BM). This device, when loaded on the head of a linear accelerator, can be used with radiation coming from any direction, and it does not require a bolus to be attached to the skin. Khan et al. 1) and
Sroka et al. 9) reported that placing the absorber at various distances from the surface of a water phantom with density similar to that of a human body affected the dose distribution in the build-up region. Their results confirmed that, without attaching the absorber to the skin, contamination from scattered secondary electrons allowed the researchers to control the dose in the build-up region. Analyzing the scatter effect of the BM based on the above principle and applying the quantitative analysis results to treatment planning systems for dose calculation could ascertain the BM as a very useful instrument in the field of radiotherapy. In this study, we measured the PDDs of highenergy photon beams penetrating a handmade BM and subsequently calculated the BM scatter based on these results. The purpose of this study was to assess the effect of the BM scatter on the build-up region of PDDs in various conditions and investigate the BM applicability.
Materials and Methods

Construction of build-up modifier
In this study, we selected acrylic polymer, a type of epoxy resin, to serve as the BM material. Scattered secondary electrons are mostly generated by Compton scattering in high energy level over megavoltage. This is closely related to the electron density of materials, and epoxy resins are specifically known to be highly effective in generating secondary electrons. 1) Five acrylic panels were shaped into square panels that were 300 mm long and wide and had thicknesses of 1, 3, 5, 7, and 10 mm. As shown in Fig 
PDDs measurement
6-and 10-MV X-ray beams generated by a 21IX Linear
Accelerator were selected for this study. The BM was positioned on the head part of a linear accelerator to measure the PDD curves for 6-and 10-MV photon beams that penetrated 1, 3, 5, 7, and 10 mm into the BM for a square field side (SFS) of 30, 40, 60, 80, 100, 120, 150, and 200 mm. As shown in Fig. 2 , the distance from the X-ray source to the BM was 750 mm, and that from the source to the water phantom (Blue Phantom, IBA, Germany) was 1,000 mm. PDDs were measured using the 0.13-cc ionization chamber (cc13, IBA, Germany) shifted in the automatic phantom IBA Blue Phantom with OmniPro-Accept V7
(IBA, Germany) from the depth of 25 mm relative to the surface.
The results were normalized relative to the maximal dose (100%) points. For comparison, the PDD curves were also measured by using the same method but without applying the BM. rated into components from linac head assembly and phantom scatter for field dose calculation. Holt et al. 10) were the first to perform this procedure by defining the total (Scp), the phantom (Sp) and the collimator scatter (Sc) factors, all normalized relative to a reference field and related through the following equation:
Calculation of BM scatter factors
In this study, a point dose in the water phantom in the absence of the BM was also defined by equation (1) . When the BM is used, the BM scatter factor (SBM) can be calculated from the following equation:
We obtained the BM scatter factors by calculating the ratio of equation (2) to (1) for PDDs that were measured near the surface (depth of 0 mm). The SBM in this study was obtained relative to the Scp at SFS 30 mm without the BM that had the smallest scatter factor. In addition, the various dose parameters such as beam profiles, transmission and output factors were measured with each SFS and BM thicknesses for entering the beam data sets into radiation treatment planning system (RTPS). and we verified that these effects became more pronounced for larger thickness.
The dependence of the BM scatter factor on the SFS is shown in Fig. 5a The SBM for the SFS of 200 mm (shown in Fig. 5a and b) is plotted in Fig. 6 as a function of thickness. For a 6-MV photon beam, the slope in region A is 0.1, whereas the slope in region B is 0.005; the slope in region B is close to 0, implying saturation. For a 10-MV photon beam, the slopes in regions A and B are 0.14 and 0.03, respectively, increasing more modestly with increasing thickness. 
Discussion
For treatments of near surface tumors, a bolus is placed on the surface for increasing the surface dose. Because a bolus is only effective within a limited range of bolus-surface distances, positioning the bolus requires care on the part of the radiation therapist for accurate dose delivery to the surface. 7) In this study, the applied BM did not have to be placed on the patient's body. The surface dose depends on the photon beam energy, field size, beam modification devices, SSD, and angle of incidence. 7, 8) These factors also depend on the electron contamination from the flattening filter, beam modifiers, and air.
The results in Fig. 4 show decreasing build-up region size with increasing BM thickness. It is commonly known that all X-rays used in radiotherapy are contaminated by secondary electrons.
These secondary electrons are generated by interactions between materials, such as gantry head parts and photons in the beam's path. 1) It has been reported by Johns and Cunningham et al. 11) that photons interact with matter by photoelectric, Compton, or pair production processes. According to their study, the photoelectric effect, the Compton effect, and the pair production contribute 0%, 94%, and 6%, respectively, to the photon-matter interaction for photon beams with energies ranging from 4 MV to 10 MV. In Fig. 4a and b , a decrease in the build-up region size (or an increase in the surface dose) resulted from the Compton effect, which constituted the main interaction between the collimator, the BM, the water phantom, and the primary photon beam in the X-ray path. As the area irradiated by the photon beam increased, the probability of an absorption dose receiving the effect of the scatter dose increased. Therefore, as the SFS increased, the amount of contamination resulting from the secondary electrons scattered owing to the Compton effect increased as well, and this effect is deemed to decrease the build-up region size and increase the surface dose.
The results in Fig. 5a imply that, when the BM was used, the BM could increase the surface dose from a minimum of 8.3% to a maximum of 12% for a 30 mm SFS, while the surface dose was increased from 33.1% to 65.7% for a 200 mm SFS. In addition, the effect of increasing the surface dose for the SFSs of 4, 6, 8, 10, 12, and 15 mm resulted in the increments of 12%∼17%, 20%∼35%, 28%∼53%, 30%∼61%, and 32%∼63%, respectively. This implies that a greater contamination of secondary electrons occurs for a greater BM thickness, which thereby increases the surface dose. A trend similar to that in Fig. 5a is seen in Fig. 5b . The surface dose increases by the calculated SBM were 16%∼32%, 18%∼45%, 29%∼68%, 31%∼82%, 39%∼96%, 38%∼101%, and 38%∼ 100% for the corresponding SFSs. In Fig. 5 , for the SFS values ranging from 30 to 100 mm, the SBM increased from a minimum of 19% to a maximum of 64%. The rate of increase was saturated to produce less than 1% for the SFS above 120 mm. The SBM saturation did not result in the reduction in the number of scattered secondary electrons. When the SFS increased, the generation of total scattered secondary electrons also increased for the SFS above 120 mm, but the number of scattered secondary electrons reaching a particular part or point (the measurement point) became constant. Consequently, the SBM appeared to be saturated. 12) The results in Fig. 6 imply that, when the BM thickness in-creased, the SBM did not increase proportionally, but instead exhibited a uniform SBM beyond a certain thickness. The number of generated secondary electrons increased proportionally as the BM thickness increased. However, it was thought that the SBM saturated above a certain thickness because secondary electrons that scattered at the BM top failed to acquire sufficient energy for reaching the measurement point. For the 10-MV photon beam, the slope in region B did not saturate. It was thought that the slope of the 10-MV beam in region B increased modestly because the transmission was higher for the 10-MV photon beam than for the 6-MV photon beam. We presume that SBM saturation will be achieved at the point at which the BM thickness exceeds 100 mm.
The results in Fig. 7 and 8 
Conclusion
We evaluated the effect of scatter in the build-up region using a handmade BM. The SBM increased both with increasing BM thickness and increasing SFS. Consequently, the BM decreased the build-up region size and increased the surface dose.
However, the BM scatter did not increase over a specific BM thickness and SFS, exhibiting saturation. Although the surface 중심단어: 선량상승영역 변환기(BM), BM 산란인자(SBM), 심부선량뱍분율(PDD), 표면선량 dose associated with the BM application plan was smaller than that associated with the bolus application plan, the BM yielded 76% of the bolus efficiency. We expect BMs to become a useful devices for deep-set patient body parts to which it is difficult to apply a bolus.
